Introduction
The Baltic Sea is a marginal sea in Central/Northern Europe which presents an interesting mixture of different dynamics. The amount of river runoff delivered to the Baltic Sea, and its narrow connection to the North Sea through 1 3 their decrease. Lately, one can cite (Schimanke et al. 2014) who used a EOF decomposition of atmospheric pressure over Northern Europe to identify the atmospheric patterns that create MBIs. Based on this decomposition and using five different climate scenarios (Samuelsson et al. 2011) , they have forecasted an increase of MBIs in the Baltic Sea towards the end of the 21st century. However, their study was only based on atmospheric patterns and did not include an ocean model. The Baltic Sea has complex reactions to changes in atmospheric patterns, such as changes in salinity, temperature or mixing, which affect its baroclinic dynamics. Thus, it is difficult to forecast if the number of MBIs will indeed increase. MBIs have for example a negative feedback on themselves: a too high salinity of the lower Baltic layers is a blocking factor. An increase of extreme wind strength is also a factor that influences vertical mixing, which is also a negative factor affecting MBIs and deep salinity (Meier 2005) . However, the values of wind speed increase mentioned in Meier (2005) are far beyond the increases observed in our climate scenarios.
The purpose of this article is to provide a broader answer in terms of changes in the MBI process by combining the latest climate scenarios used by Schimanke et al. (2014) with the use of a Baltic Sea ocean model. In particular, we aim to understand what are the effect of changes in direct atmospheric forcing (wind forcing, temperature) on the Baltic Sea thermo-haline structure and how these changes affect the baroclinic circulation. Section 2 explains the methodology we use from a modeling point of view and how we analyzed these results. Results are presented in Sects. 3 and 4 we provide the analysis of the results and provide a theoretical relation between changes in climate change and changes in the overturning circulation in the Baltic Sea. A final section concludes this article.
Methodology

Ocean modeling strategy
We use the Nemo-Nordic configuration (Hordoir et al. 2013 (Hordoir et al. , 2015 in its most recent version, based on Nemo 3.6 (Madec 2015) . Nemo-Nordic is a Nemo based ocean model for Baltic and North Seas that is able to reproduce the long term variability of the Baltic Sea haline structure (Hordoir et al. 2015) . In addition, Nemo-Nordic abilities in reproducing the sea level and ice cover of Baltic and North Seas in operational mode have been asserted, and Nemo-Nordic is now SMHI's (Swedish Meteorological and Hydrological Institute) new forecast model in replacement of HIROMB (Funkquist and Kleine 2007) .
In the present article, we use a restricted domain of Nemo-Nordic that includes only the Baltic Sea and the Kattegat region located between Denmark and Sweden. This restricted domain is chosen in order to save computing time as the purpose of this study is to focus on long term evolution of the Baltic Sea over time scales of almost 140 years. This restricted configuration has one open boundary along a zonal axis located between South of Skagen (Northern tip of Denmark) and Gothenburg (Swedish West Coast).
The vertical and horizontal grids of this Baltic only configuration are strictly identical to that of Nemo-Nordic, the only difference being that it has a restricted domain and a simplified open boundary condition. At this open boundary condition, sea level is imposed as well as temperature and salinity.
We set in total four simulations using the same atmospheric forcing that are used by Schimanke et al. (2014) . Based on two global climate models (EC-EARTH and MPI) driving the RCA4 atmospheric configuration (Samuelsson et al. 2011) , we have access to the simulated atmospheric circulation for the control period , and for two emission scenarios (RCP 4.5 and RCP 8.5) for the period 2005-2100.
All simulations start in 1961 from a rest state and with temperature and salinity fields taken from a climatology. Table 1 summarizes the simulations.
One crucial element to ensure a consistent haline circulation in the Baltic Sea is to set a proper sea level and sea level variability at the open boundary. We use the same method as described in Meier et al. (2012) to compute the sea level at the open boundary, using the atmospheric pressure simulated by RCA4 driven by an ERA-40 reanalysis on one side, and the sea level measurements at a tide gauge located in Gothenburg on the other. Just as in Meier et al. (2012) , tides are neglected since they do not account for any significant contribution in the long term exchange between Baltic and North Seas. And as in Meier et al. (2012) , temperature and salinity are set to climatological values: the exchange with the atmosphere between the open boundary condition and the Baltic Sea entrance is enough to ensure that water entering the Baltic Sea has a temperature trend that follows that of the atmospheric forcing. Runoff changes can dramatically affect the haline structure of the Baltic Sea (Meier et al. 2006 ), but in this set of experiments we want to concentrate on the Baltic Sea response to changes in atmospheric forcing. Therefore we use a climatological runoff and focus our research on the understanding of the changes in baroclinic circulation in the Baltic Sea related with the direct changes in atmospheric forcing.
Analysis protocol
The work done by Schimanke et al. (2014) identified atmospheric patterns related with MBIs. In their study, they used observed salinities following the protocol defined by Matthäus (2006) in order to identify MBIs. Matthäus (2006) defined three criteria in order to identify an ongoing MBI based on Darss Sill salinity: The deep salinity at Darss Sill should be at least 17 PSU, with a low stratification, and last at least 5 days. However, this set of criteria is not easily transferable to an ocean model. Applying them to a hindcast simulation of Nemo-Nordic that has a good representation of the Baltic Sea deep salinity does not permit to identify many MBIs during the hindcast period used in Hordoir et al. (2015) .
Modifying the criteria by either moving the observational point or the reference salinity (17 PSU) makes the criteria either over-sensitive to any inflow occurring in the ocean model, or on the contrary does not permit to identify many MBIs. Another solution in order to identify MBIs can be to analyze the deep salinity of the Baltic Sea at a station such as BY15 (Gotland Deep) which is often taken as a reference for its good representation of the mean Baltic Sea haline structure both in terms of salinity and stratification. But this strategy does not work either. First because there exists no criteria on how to identify a MBI based on deep Baltic Salinity. Second because even if there was such a criteria, as for the criteria defined for the Darss Sill by Matthäus (2006) , applying measurement based criteria to a model does not take into account the inevitable biases of the model. A last method could have consisted in trying to measure the volume and salt flow variability to try to relate it to MBI occurency, but this method proved to be too sensitive to the salinity biases of the model as well. The definition of an MBI or of any Baltic Sea salt inflow is a very empirical concept, mostly based on observations, which makes it difficult to apply to an ocean model, especially when its resolution is rather low compared with the horizontal and vertical dimensions of the Danish Straits as it is the case in this study.
For these reasons we distance our analysis strategy from that taken by Matthäus (2006) or Schimanke et al. (2014) : instead of analyzing MBIs, or any salt inflow that reaches the lower layers of the Baltic Sea, as discrete or quantified phenomena, we perform our analysis on the resulting circulation which is directly driven by MBIs, that is the Baltic Sea haline conveyor belt as defined by Döös et al. (2004) . Döös et al. (2004) define a meridional stream function in the Baltic Sea, which can be viewed along meridional and depth axis. We adopt a similar strategy but also use a meridional transport function. ) along the zonal axis, for every model grid cell of the integration box shown on Fig. 1 ) at longitude and at position y (in nautical miles) along the latitude axis, and at depth z.
Meridional flux function
If computed based over a time period long enough to low-pass filter wind variability, F(y, z) gives a representation of the overturning circulation of the Baltic Sea. F(y, z) is positive from the bottom up to a level of about 30-40 m which is higher than that of the Baltic Sea pycnocline. Above this level, F(y, z) is negative, reflecting the overturning circulation of the Baltic Sea.
The vertical variations of F(y, z) are not only related with the transport, but also with the vertical resolution of the model. However, this does not affect the sign of the transport. In addition, we are interested in the variations of F(y, z) between present and future climate more than in its value. Based on F(y, z), one can also compute a meridional stream function in the same manner as Döös et al. (2004) by depth integration from the bottom towards the surface:
Based on the same simulation as for Fig. 2, Fig. 3 shows the meridional stream function M st (y, z) . Figure 3 shows that there are four overturning cells from the Southern tip of Sweden towards the coast of the Bothnian Bay. From left towards right, the first cell corresponds
to the main Baltic Sea overturning circulation and ends approximately 30 nautical miles North of the latitude of Gotland Deep (BY15).
Overturning circulation computation
In the same manner as for the computation of function F(y, z) defined in Sect. 2.2.1, we can compute the Baltic Sea Overturning. The Baltic Sea Overturning is the circulation which is generated by the input of vorticity through runoff combined with wind to the Baltic Sea, but which is not runoff. For any latitude, the value of this Baltic Sea Overturning F o (y) is therefore simply the total positive circulation:
with In the same manner, F t (y) which is the total resulting circulation heading towards the exit of the Baltic Sea can be defined as:
with Figure 4 shows the F o (y) and F t (y) overturning circulation extracted from simulation EC-H, and the resulting circulation leaving the Baltic Sea (negative dashed line). The symmetry between F o (y) and F t (y) is obvious and the difference of their absolute values reaches around more than 10,000 (Table 1) , and total resulting circulation eventually leaving the Baltic Sea (dashed line) m 3 s −1 at the southernmost point, which corresponds to the cumulated amount of runoff released into the Baltic Sea above this latitude. The Baltic Overturning reaches almost 35,000 m 3 s −1 in the Southern Baltic Sea, which is almost triple the value of the cumulated runoff input. The resulting circulation leaving the Southern Baltic is of the order of 45,000 m 3 s −1
.
Results
We can compute the differences in Baltic Sea Overturning circulation by computing the differences in Meridional Transport Function F(y, z) and the differences in F o (y) and F t (y), between a control period that we define from 1975 to 2005, and a future climate period that we extract from 2069 to 2099. We do not use results of the control period located before 1975 in order to avoid spin-up effects inherent to the Nemo-Nordic configuration (Hordoir et al. 2015) . Figure 5a shows the transport function F(y, z) for the control period of the EC-Earth Simulation. Below Fig. 5b , c show the transport functions between experiments EC-4.5
EC-Earth simulations
and EC-8.5 respectively. The pattern of differences is similar for EC-4.5 and EC-8.5 simulations, although it is more intense for the highest emission scenario. The analysis shows a significant decrease of flux at the level of the pycnocline, and to a lower extent of deep salt inflows. Since the ventilation at the level of the pycnocline is the dominant feature in terms of flux (Meier and Kauker 2002) , this means basically that the decrease of meridional flux is highest at the vertical level where the meridional flux is itself highest. Further, the decrease in overturning is observable after each entrance to a sub-basin as the flux towards Northern latitudes below 40 m is decreased. Above 40 m, the value of F(y, z) increases, meaning that the transport heading towards the exit of the Baltic Sea is also lower. Figure 7 shows the integrated overturning flow difference between simulations EC-4.5/EC-8.5 and the EC-H simulation. The decrease in overturning reaches 4000 m 3 s −1 in the Southern Baltic Sea for the RCP 8.5 scenario, which corresponds to a decrease of more than 20% of the overturning circulation observed during the control period. The decrease in overturning circulation can be observed from South towards North. These results contradict the analysis done by Schimanke et al. (2014) which predicts a relatively important increase of salt inflows, and therefore in overturning circulation, when comparing the atmospheric patterns responsible for MBIs in the EC-Earth simulations, between the control period and the end of the 21st century. The Baltic Sea haline structure is affected by a mean salinity increase of about 0.5 PSU (Fig. 6 ). The haline stratification is slightly affected with a smoother halocline. Figure 8 shows the salinity difference profile at BY15 station (Fig. 1) , which is located East of Gotland Island. This station located on one of the deepest places of the Baltic Sea is the end of the pathway for salt water inflows. One notices a consistent salinity increase between the control period and the end of the 21st century, which appears to be surprising if one considers that the overturning circulation, or the probability of MBI occurency, is actually lower. Figure 8 shows the differences in the mean stratification structure (Brunt-Vaisala Frequency changes) of the Baltic Sea at BY15 station. It shows that the stratification structure of the Baltic Sea central basin (The Baltic Proper) changes between present and future climate. The stratification structure does not change in the deepest part of the Baltic Sea, but diminishes between 35 and 55 m. Above 35 m there is a strong increase of stratification. Assuming that salinity or temperature changes are small enough to keep the equation of state linear around a point of equilibrium, we also construct the stratification structure assuming that only temperature or salinity changes between present and future climate. Using this approximation permits to show that salinity changes are responsible for the decrease of stratification previously mentioned, and that temperature changes are responsible for the increase of stratification. Salinity and temperature changes are also plotted and show a consistent salinity and temperature increases. However, temperature changes are higher close to the surface than deeper. This result is similar to that obtained by Hordoir and Meier (2011) : temperature increase leads to a strong thermal stratification increase in the Baltic Sea, which increases with lower salinities. The increase of stratification observed in the present experiment fits with the values observed by Hordoir and Meier (2011) , although they are lower compared with the summer values found by Hordoir and Meier (2011) as the present experiment is a long term mean including all seasons. Alongside the changes in stratification structure, Fig. 8 also shows the meridional transport at the latitude of BY15 and the temperature and salinity changes at BY15. The positive changes in stratification precisely match the area where we see a net increase of negative transport, meaning that the thermal stratification increase coincides with the decrease of the outgoing flux.
MPI simulations
The results of the MPI forced simulations are presented in a similar fashion. notice a decrease of the positive incoming circulation, and an increase of the outcoming negative circulation, which suggests a lower overturning circulation in this set of simulation. The decrease in overturning circulation is higher when Nemo-Nordic is forced by a scenario which has a highest greenhouse gas emission (RCP8.5).
The associated changes in overturning circulation are shown in Fig. 11 . One can actually notice an increase of (c) (b) (a) overturning circulation in the Southern Baltic, which is consistent with the predictions made by Schimanke et al. (2014) . However, as one moves further up there is a consistent decrease in overturning circulation in the Baltic Proper. The decrease becomes even higher in the Bothnian Sea and Bothnian Bay, which means that the relative decrease (in percent) for these areas is even higher than in the EC-EARTH forced simulations. The salinity structure is more affected by changes than in the EC-EARTH simulations (Fig. 10) , with a moderate decrease of about 0.5 PSU for the MPI-8.5 simulation, but which is not distributed evenly. There is a haline stratification decrease above the level of the halocline in the Northern part of the Baltic Proper. Changes in the stratification structure can also be observed (Fig. 12) . The changes in stratification structure are similar although not identical. Temperature related stratification does increase close to the surface, although it does less, and does not extend as deep as in for the ECEarth forced simulation. An increase in haline stratification also occurs below the level of the halocline, followed by a decrease of haline stratification.
Analysis
As for the Atlantic Meridional Overturning Circulation (AMOC hereafter), any estuarine circulation is associated with an overturning circulation, and requires mixing between entering saltier water masses, and fresher water masses created by runoff. If estuarine mixing did not occur, then freshwater coming from rivers would just slide over saltier water masses like oil over water without creating any overturning circulation. Tides and internal tidal wave breaking is an essential process to allow water masses to mix and ensure the continuity of the AMOC in convection or upwelling areas. In many estuaries, tidal mixing is less important since the shear between incoming and outgoing water masses becomes so high at some point that the induced turbulence eventually mixes water masses together and ensures the overturning circulation. However, in the case of deep sill-bounded estuaries such a the Baltic and Black Seas, mixing of lower and upper water masses is a slower process that requires longer time scales and that requires a contact between the base of the thermal mixed layer and the halocline. For the specific case of the Baltic Sea, Stigebrandt (1985) explicitly states that "for a large part of the year the seasonal thermocline shields the main halocline in the Baltic Sea from direct contact with the well mixed surface layer". From a climate change perspective, this means that a change in the physical structure and seasonality of the thermally controlled mixed layer influences the mixing of heavy saltier masses with the mixed layer, controlled by the changes in "entrainment velocity" w e (Stigebrandt 1985) (Eq. 4). When it comes to the Baltic Sea, this mixing occurs independently in different basins as the halocline in the Baltic Proper is located below the level ) exhibit an increase of thermal stratification in both EC-EARTH and MPI forced simulations in the mixed layer. From a haline point of view, there is always a decrease of saline stratification below, and for the case of the MPI forced runs an increase of saline stratification further down. However, changes in haline structure can only increase the salt flux further up either by easing its contact upwards (in the case of the decrease of haline stratification), or not changing the final erosion of the halocline into the surface mixed layer since the increase in haline stratification is below the level of the sharpest halocline, which is precisely the case in our study. Therefore, the new limiting factor of diffusion of saltier water masses towards the surface mixed layer is the increase of thermal stratification between the surface and approximately 35 m. It does not matter if there is a decrease of stratification that accelerates the migration of salt towards the surface at one place if a decrease occurs at another location on the water column, the increase of stratification acts as a bottleneck for the migration of salt from the depths of the Baltic Sea towards the surface. Based on a balance of wind stress, buoyancy and stratification power fluxes, Stigebrandt (1985) provides a way to estimate the entrainment velocity w e , which is detailed below: in which m 0 is an empirical constant, u * is the wind friction velocity, h is the thickness of the mixed layer, Δ is the density gradient between the base of the thermal mixed layer and surface, is a reference density and g is gravity. B is a buoyancy flux that accounts both for thermal and freshwater buoyancy fluxes. B latest can be written as: in which and are respectively the thermal and haline expansion coefficients in the mixed layer, C p is a heat capacity, Q in is the incoming heat flux, F is the net freshwater input through the surface, and S is the mixed layer salinity. The friction velocity u * is computed based on the surface stress , which is extracted from the model:
We have implemented this simple model of the entrainment velocity within the surface mixed layer, by taking Gotland Deep (BY15) as a reference. The net freshwater input comes directly from the simulation. The surface mixed layer density difference is also taken from the model and h is adjusted to the thickness on which one notices an increase of thermal stratification. The entrainment velocity is computed for the entire control period and its mean Fig. 12 a Difference of stratification (Brunt-Vaisala frequency, in mHz) between MPI-8.5 and MPI-H at BY15. Plain line stratification difference, computed from the difference of mean stratification between the two times periods. Dotted line stratification difference computed linearly from differences in mean temperature and salinity between the two time periods. Dashed line stratification difference computed from differences in temperature only between the two time periods. Dashed-dotted line stratification difference computed from differences in salinity only between the two time periods. b Temperature difference (in degrees) between MPI-8.5 and MPI-H time periods. c Salinity difference (in PSU) between MPI-8.5 and MPI-H time periods value is taken. The same is done for the 2005-2099 period, during which we compute the annual mean value of the entrainment velocity. In both cases, we do not take into account the heat flux as its mean annual value is supposed to be close to zero, especially when integrated over long time scales.
We compute the relative change of entrainment velocity w e (y) between each year of the 2005-2099 period, in comparison with that of the control period w ref . This is defined as: Equation 7 uses a ratio of wind stress power and stratification, and this formulation is used for the computation of Rw(y). However it is also possible not to take the changes of wind stress power. Rw (y) is a function similar to Rw(y) where w e (y) is computed using only density changes for the period 2005-2099. Of course, the final stratification structure itself results from a balance between wind power and buoyancy fluxes, so both can not be separated, but the computation of Rw (y) allows to see how Rw(y) would have evolved if only stratification and buoyancy fluxes had Figure 13 shows the evolution of Rw(y) and Rw (y) for the EC-4.5 and EC-8.5 simulations. Both functions are also plotted as their least-squared linear regressions.
The mean relative decrease of Rw(y) and Rw (y) for the period 2069-2099 compares with the relative decrease in overturning circulation at Gotland Deep (BY15) , even though it is higher: the decrease in overturning circulation extracted from Nemo-Nordic, reaches 6.5% for the EC-4.5 run, and 15% for the EC-8.5 run. Therefore the figures extracted from the model seem to agree better with the variation of Rw (y) than with that of Rw(y) which seems to over-estimate the changes.
The same approach has been made for the MPI-4.5 and MPI-8.5 based simulations. Changes observed in the Nemo-Nordic simulations show a decrease of 5 and 9% respectively.
If one considers the relative changes of Rw (y) for the period 2069-2099, they also fit with the changes observed in the Nemo-Nordic simulations. The relative changes of Rw(y) suggest an increase in the overturning circulation (Fig. 14) .
Discussion and conclusion
If one considers only changes in thermal stratification of the model, then the change estimate of entrainment velocity in the thermal mixed layer fits adequately with the changes in overturning circulation.
This occurs when Nemo-Nordic is forced by two climate models, each using two greenhouse gases emission scenarios.
The computation of the entrainment velocity takes into account the net freshwater flux, however this term appears to have a small impact in comparison with the changes of stratification. It is also important to notice that the net freshwater input to the Baltic Sea decreases in the EC-4.5 and EC-8.5 simulations (−2 and −3% respectively). A decrease of the net freshwater input to the Baltic Sea should on the contrary ease the occurency of salt water inflows from a barotropic point of view (Meier et al. 2006) , and the overturning circulation. The net freshwater input to the Baltic Sea does not change in the MPI-4.5 simulations and increases by 4% in the MPI-8.5 simulations. However, in these simulations one can observe a strong increase of the overturning circulation in the Southern Baltic Sea, especially in the MPI-8.5 simulations, which shows that the increase in the freshwater budget (P-E increases) does not prevent potential salt inflows to enter the Southern Baltic Sea , but that these salt inflows do not penetrate further towards the center of the Baltic Proper and cannot fuel the overturning circulation of the Baltic Sea.
The study made by Schimanke et al. (2014) shows that the intensity of Major Baltic Inflows should increase towards the end of the 21st century. Their conclusions are based on the analysis of atmospheric patterns in two climate models, forced by two greenhouse gases emission scenarios. In the present study, we use the same atmospheric data as a forcing, but combine it with the use of an ocean model of the Baltic Sea. The concept of "overturning circulation" is a low-frequency perspective of salt water inflows. Salt water inflows are the driver fueling the overturning circulation. We analyze the changes of overturning circulation towards the end of the 21st century by comparing its intensity between two time periods, the first one being for years 1975-2005, the second one being for years 2069-2099. Our findings are opposite to that of Schimanke et al. (2014) : we conclude that the overturning circulation of the Baltic Sea is going to decrease by up to 15% towards the end of the 21st century. This is true for the main basin of the Baltic Sea, the Baltic Proper. It is also true for the other basins such as the Bothnian Sea and the Bothnian Bay: although smaller in absolute value, this decrease is even higher in relative value (more than 20%).
The decrease of the overturning circulation follows a trend which strengthen with the greenhouse gases scenarios and the temperature increase: a higher decrease in overturning circulation can be observed when RCP 8.5 emission scenarios are used, regardless of the climate model that is used to provide the atmospheric forcing. In our simulations, the runoff data that is used is a climatological runoff, which does not change for any year of the simulation. Moreover, the net freshwater input to the Baltic Sea (Runoff plus Precipitation minus Evaporation) decreases in the EC-EARTH forced simulations, and does not increase significantly in the MPI forced simulations. Either the runoff changes should increase salt water inflows, or should at least not affect them significantly from a barotropic point of view. This means that the decrease of the overturning circulation is not related with the changes in net freshwater input to the Baltic Sea, nor is this decrease related with changes in wind patterns, which should increase the overturning circulation. Too much mixing in the Southern Baltic could also reduce deep salt inflows (Meier 2005 ), but we notice a slight decrease of wind speed for the EC-EARTH forced scenarios (−1.85 and −0.8% for EC-4.5 and EC-8.5 respectively). For the case of the MPI scenarios, a slight increase can be noticed (1.83 and 3.73% for MPI-4.5 and MPI-8.5 respectively), but which is far less than that required to impact deep salt inflows according to Meier (2005) . The decrease of overturning circulation could be related with a change of wind strength or variability, especially if one considers upwelling dynamics as an important element of the overturning circulation. A decrease of wind strength and/or variability could affect Baltic Sea upwellings. A couple of studies investigated potential future changes of wind characteristics (average speed, gustiness, direction) over the Baltic Sea Gräwe et al. 2013; Junjie et al. 2015) . All of these studies conclude either that wind characteristics do not change (Junjie et al. 2015) or they state very carefully that there might be a small increase in wind speed/gustiness (NIKU-LIN et al. 2011; Gräwe et al. 2013 ). To our knowledge, no study claims that the wind speed will decrease in the future. Hence, we did not investigate this possibility: we concluded that the documented changes of the overturning circulation are the result of a change in thermohaline circulation.
Our analysis based on the theory of Stigebrandt (1985) shows that the relative changes of entrainment velocity are close to that of overturning circulation as far as the Baltic Proper is considered. It also strongly suggests that the modeled changes in overturning circulation are related with an increase of thermal stratification at the level of the mixed layer. This increase contributes to a stronger shielding of the erosion of the permanent halocline of the Baltic Sea.
If wind effects are not directly considered in the theory of Stigebrandt (1985) , then the trend of decrease of the entrainment velocity within the layer in which thermal stratification changes occur correlate with the changes of overturning circulation in the center of the Baltic Proper. For the EC-EARTH forced runs, using this theory at the center of the Baltic Proper predicts a change of −9 and −15% of the entrainment velocity caused by increased thermal stratification, for EC-4.5 and EC-8.5 scenarios respectively. The model itself predicts a change of respectively −6.5 and −15% respectively. In the case of the MPI forced runs, the theory predicts a change of −3 and −6% which is very close to what the model gives (−5 and −8% respectively). The theory contradicts with the model predictions if wind changes are used directly in the theory: the theory then overestimates the changes when it comes to the EC-EARTH forced simulations and predicts an increase of overturning circulation which is contrary to model predictions for the MPI forced simulations.
It should be noted that the model does predict an increase of overturning circulation in the Southern Baltic Sea for this latest case, but this could be related with an increase of wind-forced potential salt inflows, which however do not penetrate any further in the Baltic Proper.
However, neglecting the wind changes for the computation of friction velocity according to the theory of Stigebrandt (1985) does not mean that changes in wind stress are not taken into account: wind stress has an impact on mixed layer stratification within the model, which forms the basis of our computation. The discrepancy of results when changes in wind stress are directly taken into account in the theory. A possible explanation could reside into the fact that the theory of Stigebrandt (1985) uses a third power of the friction velocity which makes it extremely sensitive to any inaccuracy due to the approximation that the Gotland Deep (BY15) profile is used as a proxy for the entire Baltic Proper.
Our analysis predicts that the increase of thermal stratification in sill estuaries such as the Baltic Sea and the Black Sea, will decrease the overturning circulation, meaning the amount of the salty water masses that penetrate the deepest parts of the estuary and fuel what Döös et al. (2004) described as a "haline conveyor belt". Since our approach provides a time integrated view of the problem, it is impossible to tell how the strength and variability of the Baltic Sea MBIs will be affected: will there be less MBIs with a smaller amplitude, or less MBIs with a larger amplitude, or more MBIs but with a much smaller amplitude. The question remains open. Since the ecosystem is usually more sensitive to extreme values more than changes in mean values (lower salinity or oxygen extremes for example), this question should also be answered but is left to further investigation.
